the effect of dietary supplementation with a biotechnological extract of Ajuga reptans on growth performance, oxidative status and immune parameters was evaluated in post weaning piglets. at weaning, 120 piglets with an average live weight of 8.1±1.3 kg, were assigned to one of three experimental groups. The first group was fed a control diet (C). The second and third groups were fed the same diet supplemented with 5 mg (T1) and 10 mg (T2) of teupolioside/kg feed from a biotechnological plant extract. growth performances were recorded and blood samples were collected at the beginning, at 14 days, and at the end of the trial (56 days). Serum biochemical parameters, oxidative status and immunoglobulin titres were determined. average daily gain tended to be higher (P=0.057) and live weight was higher in piglets (P<0.05) fed with different amounts of plant extract (T1 and T2) than the controls. The production of reactive oxygen metabolites (ROMs) was higher (P<0.05) in the control group than in the groups receiving teupolioside (T1 and T2). Concentration of serum immunoglobulin of class G improved (P<0.001) in piglets fed the T1 and T2 diets than the controls. overall, the results suggested that the biotechnological extract of Ajuga reptans containing teupolioside has an antioxidant and immunomodulant effect.
. Van Boeckel et al. (2015) estimated that the global average annual consumption of antimicrobials per kilogram of animal produced was: 45 mg·kg −1 for cattle, 148 mg·kg −1 for chickens and 172 mg·kg −1 for pigs. Italy, where the present study was carried out, has the third highest use of antibiotics in livestock in Europe (ESVAC, 2016) .
According to the World Health Organization, the reduction in antimicrobial consumption cannot be delayed. It is thus essential to find new strategies to support animal health and growth performances. Dietary integration with bioactive molecules from natural sources is a sustainable way to reduce the use of antimicrobial and synthetic additives.
Some studies have reported that dietary supplementation with natural extracts in swine and poultry production lead to a better growth performance compared with antimicrobials (Kamel, 2001; Gheisar and Kim, 2018) . Phenylpropanoid glycosides (PPGs) belong to the largest group of bioactive molecules in plants and derive mainly from phenylalanine synthesized by a metabolic pathway, which is efficient only in microorganisms and plants (Sangwan et al., 2001) . Phenylpropanoid glycosides have shown several biological activities such as antitumoral, antiviral, anti-inflammatory, antibacterial, antioxidative, and free radical scavenging (Dembitsky, 2005) . PPGs are thus a very interesting group of molecules for producing immunostimulant, hepatoprotective, antimicrobial, and antinflammatory phyto-preparations (Korkina et al., 2006) .
In the group of PPGs, teupolioside (also known as Lamiuside A) is a promising biologically active compound from Ajuga reptans (Di Paola et al., 2009) . Teupolioside is structurally characterized by caffeic acid and 4,5 hydroxyphenylethanol bound to a β-[D]-glucopyranoside through ester and glycosidic links respectively. Two other carbohydrates, i.e. rhamnose and galactose, are linked in sequence to the glucose molecule ( Figure 1 ). Figure 1 . Chemical structure of teupolioside (Di Paola et al., 2009) Teupolioside is a secondary metabolite produced in order to protect the plant from UV radiation. From a technological point of view, it is difficult to extract this molecule using industrial methods due to its low content in the whole plant. In fact, the chemical synthesis of the molecule, due to the structure of teupolioside, is complex and very expensive. The Biotecnological Research Institute (I.R.B. S.p.A, Altavilla Vicentina, Italy) has developed a platform for the production of teupolioside using cell cultures in suspension of Ajuga reptans. The biotechnological processes also improve the safety profile and guarantee the highly standardized composition of the extract, thus reducing the environmental impact (Dal Toso and Melandri, 2009) .
The aim of the present study was to investigate the effects of dietary supplementation with teupolioside produced by cell cultures of Ajuga reptans (Laminaceae spp.) on growth performance, oxidative status and immunological parameters in post weaning piglets.
material and methods animals and experimental design
The animals used in this experiment were cared for following the European Union guidelines (No. 2010/63/EU) and approved by the Italian Ministry of Health. One hundred and twenty weaned piglets (Goland), half castrated males and half females, aged 24±2 days, were randomly selected and divided into three experimental groups, balanced for body weight (BW) and gender. During the period of adaptation (7 days), the piglets received a commercial diet for ad libitum consumption. After 7 days of adaptation, at an average body weight of 8.1±1.3 kg, the piglets were assigned to three dietary treatments (8 piglets per pen; 5 pens per treatment) and reared in an environmentally-controlled room (average temperature 26°C and relative humidity 60%). The control group (C) received a commercial diet, and groups T1 and T2 received the same diet supplemented with the biotechnological plant extract in order to ensure 5 mg or 10 mg teupolioside per kg feed. The dosage of teupolioside in the present study was chosen on the basis of the dosage used in humans (EP 1 997 501 A2). The plant extract is produced by cell cultures of Ajuga reptans (Laminaceae spp.) and prepared on an industrial scale by a standardised procedure (I.R.B. s.r.l., Altavilla Vicentina, Vicenza, Italy). To prevent oxidation, the supplement was microencapsulated within a protective matrix of hydrogenated vegetable lipids using spray cooling technology (Sintal Zootecnica, Isola Vicentina, Vicenza, Italy). The experimental diets were formulated to meet the requirements for all nutrients (NRC, 1998) . The dietary integration was mixed in the mash feed, according to the defined dosage. The composition of the experimental diets according to the piglets' physiological status is reported in Table 1 . The animals had free access to water and were fed ad libitum. The experimental trial lasted 56 days. Piglets were weighed at the beginning and at the end of the trial. The health status of the piglets was recorded daily. The amounts of feed offered and refused were recorded daily to calculate the feed intake. These data were used to calculate the average daily gain (ADG), gain feed ratio (G:F), and average daily feed intake (ADFI) of each pen. pen), at the beginning of the trial, and at days 14 and 56. The blood samples were collected in 10 mL vacutainer glass tubes (Venoject®, Terumo Europe N.V., Leuven, Belgium) and immediately placed on ice. Serum was harvested by centrifugation (8,500 × g for 15 min, 4°C) and stored at -80°C pending analysis.
Determination of antioxidant activity of plant extract
The antioxidant activity of the biotechnological extract of Ajuga reptans, was evaluated using the Kit Radicaux Libres (KRL) biological test (Prost, 1992) . This exvivo test is based on free radical-induced hemolysis and tests the antioxidant capacity of several molecules in a biological condition. A control blood sample was used as the biological medium (Astra for medics S.R.L, Milan, Italy). The direct effect of the phenolic compounds on the control blood was tested without free radical addition, also verifying that the blank did not present any interference (cytotoxic assays). The phenolic compounds were dissolved in aqueous solution at different concentrations.
Blood solutions were incubated at 37°C with different ranges of concentration (from 0 to 1 mg by liter of reaction medium) of the extract for 15 min before being submitted to free radicals produced by a final 50 mM solution of 2,20-azobis (2-amidinopropane) dihydrochloride (AAPH). Diluted blood samples without and in the presence of different amounts of the extract were submitted to organic free radicals produced at 37°C under air atmosphere from the thermal decomposition of a 50 mM solution of AAPH. Hemolysis was recorded using a 96-well microplate reader by measuring the optical density decay at 450 nm (Laboratoires Spiral, France). The results were expressed as the percentage increase in KRL value, which is the time required to reach 50% hemolysis compared to the control blood. A range from 0 to 100 mg/L of Trolox® (MW 250.29 g/mole), a water-soluble analogue of vitamin E, enabled us to standardize the global antioxidant capacity of the product compared to vitamin E. Mean values of three independent determinations were used for the calculation.
hematochemical parameters
Total cholesterol, high-density lipoprotein (HDL) cholesterol, triglycerides, glucose and urea were determined by enzymatic spectrophotometric assay (Alfa Wasserman, Milano, Italy). The concentration of low-density lipoprotein (LDL) cholesterol was calculated using the Friedewald equation according to Johnson et al. (1997) .
oxidative status
The serum reactive oxygen metabolite (ROM) was determined using a spectrophotometric assay ("D-Roms test" Diacron s.r.l., Grosseto, Italy). The D-Roms test is based on the concept that the amount of organic hydroperoxides present in serum is related to the free radicals from which they are formed (Cesarone et al., 1999; Alberti et al., 2000) . When the serum sample is dissolved in an acidic buffer, the hydroperoxides react with the transition metal ions freed from the proteins in the acidic medium and are converted to alkoxy and peroxy radicals. These newly-formed radicals are able to oxidize an additive (N,N-diethyl-para-phenylendiamine) to the corresponding radical cation. The concentration of this persistent species can be easily determined through spectrophotometric procedures (absorption at 505 nm). The results are expressed in U CARR (Carratelli Units) where 1 U CARR corresponds to 0.024 mmol/l H 2 O 2 or 0.8 mg/L H 2 O 2 .
serum immunoglobulin concentration
Serum concentrations of class G (IgG) and A (IgA) immunoglobulin were measured at T0 and T56 using the ELISA method, as described by the manufacturer (Bethyl, Montgomery, TX). Briefly, plasma samples were diluted 1:4000 and 1:60,000 to detect IgA and IgG, respectively, in Tris-buffered saline and added to plates coated with class specific immunoglobulin pig antibody.
The different subsets were detected with the appropriate peroxidase anti-pig IgA or IgG (Bethyl) and were quantified with reference to standard curves constructed with known amounts of pig immunoglobulin subsets. Absorbance was read at 450 nm using an ELISA plate reader (Spectra thermo, Tecan, NC, USA).
statistical analyses
All parameters were analyzed using SPSS (SPSS/PC Statistics 24 SPSS Inc., IBM). Live weight and immunoglobulin data were analyzed by GLM (General Linear Model) procedure with treatment as the main effect and the value at the beginning of the trial entered as a covariate. Differences in means were compared according to Bonferroni Multiple Comparisons. Biochemical parameters and serum oxidative status were analyzed by repeated measure analysis of variance (ANOVA) to assess the main effect of treatment and time and value at the beginning of the trial entered as a covariate. Pen was the experimental unit for the productive performance. Piglet was considered the experimental unit of all serum metabolites and immunological variables. Data are presented as means±SEM, and a value of P≤0.05 is used to indicate statistical significance.
results antioxidant activity of plant extract
The results underline that teupolioside from the cell culture of Ajuga reptans has an important antioxidant capacity in vitro, which increases linearly with the dose of the extract up to a concentration of 100 mg/L ( Figure 2 ). The plant extract from the cell culture of Ajuga reptans (standardized at 50% in teupolioside) showed an antioxidant activity equivalent to 3.73 μmoles of Trolox per mg of extract.
growth performance
The piglets' growth parameters in relation to dietary treatments are reported in Table 2 . At the end of the experimental trial, group T2 showed a higher (P<0.05) body weight compared to the others (C and T1). Therefore, also the ADG tended to be higher (P<0.10) in piglets fed with the highest dosage of teupolioside (T2). The gain to feed ratio and ADFI were unaffected (P>0.05) by dietary treatments. No dif-ferences among experimental groups were observed in piglet's health status during all the experimental trial. oxidative status A significant difference in the effect of dietary treatment (P=0.037) was found in d-ROM production between the control and treatment groups at the end of the trial (Table 3 ). No significant differences were observed for the time effect (P=0.860) and the time × treatment effect (P=0.868).
immune parameters
Dietary supplementation with the plant extract increased (P=0.001) the IgG serum concentration in T1 and T2 groups compared to control (8.38±0.61 g/L in control vs 11.77±0.62 g/L and 11.79±0.56 g/L in groups T1 and T2, respectively). Fi-gure 3 provides the descriptive analysis (box plot) of IgG serum concentration after 56 days of dietary supplementation with biotechnological plant extract. The IgA serum concentration was unaffected (P=0.260) by dietary treatments (0.64±0.09 g/L in control vs 0.65±0.01 g/L and 0.83±0.09 g/L in groups T1 and T2, respectively). 
biochemical parameters
The serum biochemical parameter of piglets fed the control or plant extract supplemented diet are reported in Table 3 . Dietary treatment and sampling time did not affect (P>0.05) HDL, LDL and total cholesterol, glucose, triglycerides and urea. No significant differences were observed in the time × treatment effect (P>0.05). Data fall within the reference values for all the parameters analyzed. n=10; T1, diet supplemented with plant extract to supply 5 mg teupolioside/kg feed, T2, diet supplemented with plant extract to supply 10 mg teupolioside /kg feed. 
Discussion
Regarding phenylpropanoids, many studies have been conducted on several bioactive principles in livestock, but few data are available on plant extracts containing teupolioside. An in vitro study reported that teupolioside has demonstrated anti-inflammatory, anti-oxidant and chelating properties (Korkina et al., 2006) . Pastore et al. (2009) also reported that teupolioside could decrease the expression of proinflammatory cytokine which was correlated with the antioxidant, scavenging, and ironchelating activities of this polyphenol (Korkina et al., 2006) .
In the present study a higher antioxidant activity of teupolioside was observed in comparison with the vitamin E soluble analogue (Trolox). The KRL test could be a promising approach which allows a dynamic evaluation of the overall antioxidant activity of the plant extract against oxidative stress in a biological system (Maghin et al., 2016) .
At weaning, piglets have to deal with many changes and nutritional, environmental and immunological stresses (Le Dividich and Sève, 2000; Montagne et al., 2007) . The use of natural supplements in animal nutrition is a good way to improve piglet health and performance as well as to increase the sustainability of the pig sector. In recent years, plant extracts have attracted interest as an innovative dietary strategy to replace antimicrobials (Cheng et al., 2014) . The review of Cheng et al. (2014) reported that in pig dietary supplementation with some phytogenic additives, such as oregano, cinnamon, Mexican pepper, thyme, garlic extract and Camellia sinensis can modulate intestinal pathogens and improve growth performance. No previous study has reported the effects of dietary supplementation with a biotechnological extract of Ajuga reptans containing teupolioside.
The present results showed an improvement in final weight and ADG in piglets fed the high dosage of biotechnological plant extract (T2). These results agree with other studies reporting that dietary natural extracts containing polyphenols improve growth performance in post weaning piglets (Maass et al., 2005; Devi et al., 2015) .
In the first study, dietary supplementation with 1.8% of Echinacea purpurea cobs positively affects feed conversion in post weaning piglets. In the second one, dietary supplementation with 0.05% of clove, cinnamon and fenugreek mixture increase piglets' ADG compared to dietary supplementation with antimicrobials and organic acid.
The effects of PPG dietary supplementation on growth performance in livestock are conflicting. In previous studies, supplementation with a water-soluble extract of Verbenaceae (Lippia spp.) leaves containing the PPG verbascoside, had a positive effect on growth performance in suckling lambs (Casamassima et al., 2009 ). On the other hand, no effect on growth performance was reported in pigs, broilers, hares and horses with a supplementation of 5 mg verbascoside/kg feed (De Marco et al., 2015; Rossi et al., 2013; Rossi et al., 2017; Vizzarri et al., 2014) .
Weaning is a crucial phase in pig husbandry. A sudden dietary change from milk to solid feed induces transient anorexia, intestinal inflammation and unbalanced gut microbiota, which are important causes of post weaning diarrhea and associated infections in piglets (Gresse et al., 2017) . In this situation, an imbalance between reactive oxygen species production and their neutralization by the antioxidant system of the organism has also been observed, leading to oxidative stress which negatively affects piglet health (Rossi et al., 2009; Buchet et al., 2017) . This situation is more serious in the presence of post weaning diarrhea. In fact it has been reported that inflammation increases oxidative stress in animals (Lykkesfeldt and Svendsen, 2007) . In addition, a study performed by Sauerwein et al. (2007) highlighted that the high d-ROMs values in the first week after weaning are associated with decreasing growth rates.
The present data show that serum d-ROMs in piglets fed with teupolioside was lower than the controls, thus demonstrating the antioxidant activity of the active principle. These data agree with the literature that reports a reduction in d-ROM production or an enhancement in antioxidant status in livestock after dietary supplementation with Verbenaceae (Lippia spp.) extract containing verbascoside (Casamassima et al., 2012; Casamassima et al., 2013; Rossi et al., 2013) . In fact, polyphenols prevent the oxidation of low-molecular-weight antioxidants, such as vitamin A and E, thus increasing their amount of serum (Palazzo et al., 2011; Paszkiewicz et al., 2012) . Additionally, previous studies in piglets have reported that dietary supplementation with verbascoside can restore liver antioxidant status induced by the high intake of n-6 PUFA, leading to oxidative stress (Di Giancamillo et al., 2015) . As recently reported in the literature, polyphenols protect cells against oxidative stress caused by free radicals through several mechanisms, thus reducing the risk of associated diseases (Lipiński et al., 2017) .
The polyphenol metabolism has not been fully clarified and its availability is related to its chemical characteristics and functional groups (Landete, 2012) . The present data showed that blood biochemical parameters were not affected by dietary integration with the biotechnological extract, in agreement with a previous study in weaned piglets fed Lippia citrodora extract containing verbascoside (Pastorelli et al., 2012) . On the other hand, other studies in livestock have reported that dietary supplementation with a plant extract containing verbascoside improved the lipid blood profile, decreasing total cholesterol, LDL cholesterol and triglycerides (Palazzo et al., 2011; Casamassima et al., 2014; D'Alessandro et al., 2017) .
Several studies have reported that dietary polyphenols from several sources have an immunomodulatory effect on immune cell populations (Cuevas et al., 2013) . One important lymphocytes class are B cells which are involved in humoral immunity and produce immunoglobulins. In the literature, the effects of a natural extract containing polyphenols on immunoglobulin production have not been described sufficiently in depth. An in vitro study on human peripheral blood mononuclear cells reported that resveratrol did not affect IgM and IgG production (Zunino and Storms, 2009) . Other in vitro studies have reported that polyphenols from several sources are able to modulate B cell function, downregulating IgE and IgG production (Sanbongi et al., 1997; Hassanain et al., 2010) .
Our data showed that dietary supplementation with a biotechnological plant extract increased serum IgG without affecting IgA production. The modulation in immunoglobulin production by a dietary supplement with a natural extract in post weaning piglets has been reported by Pastorelli et al. (2012) . The authors reported that dietary supplementation with different amounts of plant extract titrated in verbascoside increased both serum IgG and IgA concentrations, thus reflecting the active synthesis of antibodies by the piglets' immune system (Kanitz et al., 2004) .
conclusion
Overall, the results suggest that dietary supplementation with a biotechnological extract of Ajuga reptans containing teupolioside in the post-weaning phase improves piglet health. In fact, piglets fed the high dosage of teupolioside showed a higher body weight at the end of the trial. In addition, dietary supplementation with teupolioside in piglets positively affected serum d-ROM production and IgG title, without affecting other biochemical parameters. These data demonstrate the antioxidant and immunomodulant effects of the biotechnological extract of Ajuga reptans containing teupolioside. Further studies are needed to explore the mechanism of action of teupolioside and to clarify the optimal length and dosage of the dietary treatment.
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